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Background: The hedgehog (hh) family of secreted signal-
ing proteins is responsible for developmental patterning in
a variety of systems, including the neural tube, limbs and
somites. Within the neural tube, at the level of the spinal
cord, products of the vertebrate gene sonic hedgehog (shh) are
proposed to function as a ventral patterning influence, with
the capability of inducing floor plate and motor neurons.
Results: We report the isolation of tiggy-winkle hedgehog
(twhh), a novel member of the zebrafish hh gene family.
Both twhh and shh are expressed in the ventral midline of
the embryonic zebrafish neural tube and brain, but twhh
expression becomes limited to the neural tube, whereas
shh is also expressed in the notochord. Both genes are
expressed in the developing brain, in domains that
include a discrete region in the floor of the diencephalon,
located between the sites of the future optic stalks. Using
pax-2 and pax-6 as markers of proximo-distal fate within
the developing eye, we found that ectopic expression of
either hh gene promoted proximal fates and suppressed
distal fates. In contrast, proximal fates were lost in cyclops
mutant embryos, which lack thh- and shh-expressing
forebrain cells. Both twhllh and shh proteins undergo auto-
proteolytic processing in vivo; a fragment corresponding
to the amino-terminal cleavage product was sufficient to
carry out all signaling activities associated with tuhh in eye
and brain development.
Conclusions: These findings suggest that secreted signals
encoded by members of the hedgehog gene family, emanat-
ing from the ventral midline of the neural tube, not only
play important roles in dorso-ventral patterning of the brain
but also appear to constitute an early patterning activity
along the proximo-distal axis of the developing eyes.
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Background
Embryologists have long performed experimental manip-
ulations that reveal the striking abilities of certain struc-
tures in vertebrate embryos to impose pattern upon
surrounding tissues. Recent work aimed at identifying
signaling molecules that direct patterning has implicated
secreted proteins encoded by a small number of gene
families. Our focus here is upon the patterning activities
of proteins encoded by the hedgehog (hh) gene family in
early eye and brain development, using the zebrafish as a
model organism.
Hedgehog was initially identified as a gene required for
normal segmental patterning in Drosophila [1]. In verte-
brates, hh genes have been implicated in antero-
posterior patterning of the limb [2-4], and in the pat-
terning of the neural tube [5-10] and somites [11-13].
Consistent with these patterning activities, the Droso-
phila hh protein has been shown to be secreted [14-16],
and is found predominantly as two smaller products
derived by the internal autoproteolytic cleavage of a
larger precursor [17].
We examine here the expression and activities of tiggy-
winkle hedgehog (twhh), a novel member of the vertebrate
hh gene family. Both twhh and sonic hedgehog (shh) are
expressed in ventral structures of the developing
zebrafish brain, including a region in the floor of the
diencephalon that lies medio-rostral to the developing
optic vesicles. Using pax-2 and pax-6 as positional mark-
ers for cell fates along the proximo-distal axis of the
developing optic vesicle, we found that the ectopic
expression of either hh gene in the optic vesicle appears
to promote the formation of proximal fates at the
expense of distal fates. In cyclops mutant embryos, genetic
ablation of midline cells that normally express twhh and
shh caused a shift in the opposite direction, with loss of
proximal fates in the optic vesicle. Thus, twhh and shh
expression in the midline appears to constitute a proxi-
mal patterning center that influences the fates of cells
across much of the developing eye.
Ectopic expression of hh also resulted in the expansion
of ventral fates and suppression of dorsal fates within the
developing brain, consistent with a role in dorso-ventral
patterning of anterior neural structures. In addition, we
show that both twhh and shh proteins undergo auto-
proteolytic processing in vivo, and that a fragment corre-
sponding to the amino-terminal cleavage product is
sufficient to carry out all signaling activities associated
with twhh in eye and brain development.
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Results
Differential expression of two hh genes in axial mesoderm
and in neural progenitors
Two complete and three partial coding sequences of five
distinct zebrafish hh-like genes were isolated (Fig. la,b).
Whereas one of the complete hh sequences corresponded
to the zebrafish shh class (see legend to Fig. 1) [6,7], the
other, tiggy-winkle hedgehog (twhh; [18]), represents a novel
vertebrate hedgehog gene class. Coding sequences for both
are shown in alignment to mouse and chicken sequences
of the Shh/vhh-1/Hhg-1 class (Fig. lb). Like other verte-
brate hh homologues, the zebrafish twhh and shh proteins
contain hydrophobic signal sequences that are cleaved
upon translation in the presence of microsomes in vitro
(.J. Lee and P.A.B., unpublished observations), indicative
of protein secretion (Fig. lb).
Comparison of the twhh and shh expression patterns ([6];
Fig. 2 and data not shown) revealed that both genes are
predominantly expressed in midline structures, albeit
with notable differences with regard to timing, rostro-
caudal extent of expression and tissue restriction. Expres-
sion of twhh is first detected at about 50 % epiboly and its
expression during gastrulation in the dorsal mesoderm is
shown at a slightly later stage (Fig. 2a,b); this appears to
precede the expression of shh, which is first detected at
about 60 % epiboly ([6]; data not shown). Expression of
twhh occurs in a portion of the embryonic shield, a struc-
ture analogous to Spemann's organizer in Xenopus (see
Fig. 1. Zebrafish hh genes. Predicted amino-acid sequences are shown in the single letter code. (a) Partial sequences common to five
distinct hh-like genes are shown; a dot indicates identity with the corresponding residue of zebrafish tiggy-winkle hedgehog (twhh;
[18]; see Fig. 1 b and Materials and methods). The predicted protein products of hh[zfB] and hh[zfD] differ by two and one amino acids
from hh[zfb] and hh[zfal, respectively, of Krauss et al. [6], while hh[zfC] is more diverged and clearly represents a novel hh class. (b)
Complete amino acid sequences of zebrafish twhh and shh are aligned to those of the Shh/vhh-1/Hhg-1 class from chick and mouse
[2,3,5]. Zebrafish shh is identical in sequence to z-vhh-1 reported by Roelink et al. 17]. On the basis of expression (see text) and exten-
sive sequence identity throughout most of the coding region, vhh-1 and the shh sequence reported here probably correspond to shh of
Krauss et al. [6], although the predicted amino-acid sequence reported by Krauss et al. [6] diverges dramatically throughout a 26-
residue stretch near the carboxyl terminus. Rat vhh-1 [7] was excluded from this alignment because of its 97 % sequence identity to the
predicted mouse protein. Residues identical in all four sequences are boxed, and a dash indicates a gap in the alignment. The amino-
terminal hydrophobic stretch predicted to function as a signal sequence [59] is shaded. The arrow indicates the site of internal auto-
proteolytic cleavage [35], and the asterisk denotes a conserved site predicted to undergo asparagine-linked glycosylation. (c) Percent
identity of residues carboxy-terminal to the predicted signal sequence. The twhh and shh sequences have been deposited in GenBank,
accession numbers U30710 and U3071 1, respectively.
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Fig. 2. Comparative expression of twhh, shh and pax-2 during zebrafish embryogenesis. Transcripts were visualized by in situ
hybridization to whole embryos. (a,b) twhh expression in a single late-shield-stage embryo. (a) Dorsal view, animal pole is at the
top. The triangular shape of expression is characteristic of axial mesoderm-forming cells of the hypoblast [19]. (b) Lateral view. The
thicker layer of cells on the left (dorsal) side of the embryo is the embryonic shield; the two arrows indicate expression of twhh in
hypoblast cells (h) but not in the epiblast (e). Anterior is to the left in all subsequent figures. Dorsal is at the top in all lateral views.
(c,d) A single embryo at the end of gastrulation (100 % epiboly) with twhh expression along the entire embryonic axis. 
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Fig. 3. Localization of injected twhh mRNAs in early somitogenesis stage embryos, as detected by whole-mount in situ hybridization.
(a) Uninjected embryo showing the wild-type twhh expression pattern; p, protuberance. (b-d) Examples of transcript distribution in
embryos injected with synthetic twhh mRNA, representing the major classes of mosaicism obtained. (b) Dorso-anterior view, display-
ing a fairly uniform expression in the forebrain and optic vesicles. (c) Dorso-anterior view; note the stronger expression in the midline
and on the left side of the embryo. (d) Lateral view of an embryo exhibiting a more sparsely mosaic pattern of expression which is nev-
ertheless rather uniformly distributed along the antero-posterior axis. Injections were performed individually at the 1-, 2-, 4-, and 8-cell
stages, with only small differences in the overall distribution of injected transcripts observed. Injected transcripts were present in the
forebrain or optic vesicles in 94 % (n = 48) of the embryos injected at the 1-cell stage, 95 % (n = 19) at the 2-cell stage, 98 % (n = 41)
at the 4-cell stage, and 95 % (n = 61) at the 8-cell stage.
[19] and references therein). In concert with the move-
ments of convergence and extension, twhh expression in
the shield shortens along the equatorial plane and
extends along the incipient embryonic axis until, by the
end of gastrulation, expression occurs throughout the
entire axis (Fig. 2c,d). Early in somitogenesis, twhh tran-
scripts become restricted to presumptive ventral neural
tissue along the entire body axis (Fig. 2e-g), together
with a group of cells in and near the tailbud (Fig. 2g).
In contrast to the early neural restriction of twhh, shh
transcripts accumulate in both presumptive neural and
notochordal cells (compare Fig. 2g,j).
As somitogenesis proceeds, the ventral-midline expres-
sion of shh and twhh declines in most of the prospective
forebrain, but remains strong in an anterior patch of
midline cells within the floor of the prospective di-
encephalon (Fig. 2e,f for twhh; Fig. 2h,i for shh). By the
end of somitogenesis, both twhh and shh are strongly
expressed in the floor plate (Fig. 2p,s) but, whereas shh
transcripts can be detected in the notochord at this stage
and at 36 hours of development (Fig. 2s; later stage not
shown), twhh expression remains restricted to neural
tissues. Another notable difference at these later stages is
differential rostro-caudal restriction within the dienceph-
alon and midbrain (compare Fig. 2n,q), such that the
later domain of twhh expression appears to constitute a
subset of the shh domain.
At 28 hours, twhh transcripts are found in a small cluster
of cells within the first gill arch (data not shown), as was
also reported for shh at 33 hours [6]. In addition, shh but
not twhh can be detected in the developing fin bud ([6];
data not shown). On the basis of their expression patterns,
shh is the zebrafish homologue of the Shh/vhh-1/Hhg-1
class [2,3,5-7] and twhh represents a novel vertebrate hh
gene class.
Developmental consequences of ectopic hh expression
during zebrafish embryogenesis
With the goal of understanding hh activities in normal
development, we injected synthetic twhh or shh mRNA
(hh mRNA) into embryos at the 1-8 cell stage, which
yielded a mosaic, but fairly even, distribution of the
injected mRNA by the time of early somitogenesis (Fig.
3). Injected embryos exhibited specific morphological
* (c) Rostral-dorsal view. Note the wide anterior strip of twhh-expressing cells. (d) Caudo-dorsal view. Note the wide patch of stain in
the presumptive tailbud (tb) which narrows anteriorly. (e-j) Early somitogenesis (11.5 h, 3-4 somite embryos); optic vesicles have
not begun to evaginate from the wall of the diencephalon. (e,h) Lateral views of developing brain. (f,i) Dorsal views of developing
brain. (e-g) Localization of twhh expression; twhh is expressed strongly in the forming protuberance (p), an anterior extension of the
developing diencephalon [26]. (g) Lateral view of developing tail. Anterior to the tailbud, twhh is expressed in a single row of cells
(bracketed by the black bars) that will form the floor plate. The arrow marks a patch of twhh-expressing cells lateral to the tailbud.
(h-j) Localization of shh expression; shh is also expressed strongly in the protuberance. (j) Lateral view of developing tail; shh is
expressed in cells (bracketed by the black bars) that will form both floor plate and notochord. (k-m) Localization of pax-2 transcripts
during early stages of optic vesicle (ov) formation; (m) also shows twhh expression. (k) Lateral view of a 12 h (4-5 somites) embryo.
(I) Dorsal view of a 12.5 h (5-6 somites) embryo. Expression of pax-2 in the developing optic vesicle is highest anteriorly and near
the midline. Note the expression of pax-2 at the future midbrain-hindbrain border (asterisk). (m) twhh (arrowhead) and pax-2 expres-
sion in a 6-7 somite (13 hour) embryo. (n-s) Embryos at end of somitogenesis (22-24 h). (n-p) Localization of twhh transcripts. (n,o)
Lateral and dorsal views of the developing brain. Note isolated groups of cells staining in the diencephalon (triangles) and the protu-
berance (arrowhead), and floor plate expression underlying the midbrain and hindbrain. Floor plate expression is contiguous cau-
dally along the axis. (p) Lateral view of tail. Expression is restricted to the floor plate (fp). (q-s) Localization of shh transcripts. (q,r)
Developing brain. (q) Lateral view; pax-2 expression in the otic vesicle is indicated. (r) Dorsal view. Expression in the protuberance
(arrowhead) and in the neural keel. (s) Lateral view of tail. At 24 h of development, expression of shh is detected in the floor plate
and, in contrast to twhh (p), also in the notochord, albeit at a lower level. Additional abbreviations in (o) to (s): e, eye; nc,
notochord; ot, otic vesicle; t, telencephalon.
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Fig. 4. Effects of ectopic hh expression
on zebrafish development. Zebrafish
embryos were injected with twhh or
lacZ mRNA and examined at 28 h of
development. Embryos injected with
lacZ mRNA were normal in appear-
ance. (a,c,e) acZ-injected embryos.
(b,d,f) twhh-injected embryos. (a,b)
Dorsal view of the midbrain-hindbrain
region; anterior is left. (c,d) Frontal
optical section of the forebrain region;
anterior is up. (e,f) Lateral view of the
eye region; anterior is left. Abbrevia-
tions: asterisk, midbrain-hindbrain
boundary; I, lens; mv, mesencephalic
ventricle; ot, otic vesicle; pe, pigmented
retinal epithelium; r, retina; rv,
rhombencephalic ventricle; tv, third
(diencephalic) ventricle.
defects of the eye and brain. In the control experiments,
by 28 hours of development, three ventricles were appar-
ent in the brain - the rhombencephalic, mesencephalic
(Fig. 4a) and diencephalic (third ventricle; Fig. 4c).
These ventricles were not formed in the brains of hh
mRNA-injected embryos, despite the obvious presence
of a lumen within the neural tube (Fig. 4b,d). In addi-
tion, the constriction normally present at the midbrain-
hindbrain boundary was absent (compare Fig. 4a,b).
Other prominent defects were found in the developing
eyes, which failed to develop lenses and epithelial
pigmentation (compare Fig. 4c-f).
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The notochord, somites and neural keel formed by most
hh mRNA-injected embryos appeared grossly normal,
except for overall shortening and dorsal curvature of the
axis (data not shown). In contrast to the defects observed
in hh mRNA-injected embryos, control embryos in-
jected with lacZ mRNA appeared normal (Table 1 and
data not shown) and embryos injected with murine nodal
[20] or zebrafish wnt4 [21] or wnt8 [22] mRNAs display
distinct abnormalities. The eye and brain defects ob-
served in hh mRNA-injected embryos were the major
apparent specific consequence of hh misexpression.
hh promotes proximal fates and suppresses distal fates in
the optic vesicle
To gain a better understanding of the effects of ectopic hh
expression in eye development, we used pax-2 [23] and
Fig. 5. Ectopic hh alters the expression
of pax-2, pax-6 and F-spondin.
Zebrafish embryos were injected with
twhh or shh mRNA, and the patterns of
pax-2, pax-6 or F-spondin expression
were examined by whole-mount in situ
hybridization. Control embryos injected
with lacZ mRNA displayed wild-type
expression patterns in every case. (a,b)
pax-2 expression in 12.5 h embryos;
dorsal view. (a) Uninjected; the antero-
posterior axis of the optic vesicle (ov)
corresponds to the future proximo-distal
axis of the eye. During the next hour of
development, the posterior edge of the
optic vesicle will separate from the
diencephalon [26]. (b) twhh-injected.
(c,d) pax-2 expression in 12.5 h
embryos; lateral view. (c) /acZ-injected.
(d) shh-injected. (e,f) pax-2 expression
in 22 h embryos; dorsal view. (e) Unin-
jected. (f) shh-injected. (g,h) pax-6
expression in 22 h embryos; dorsal
view. (g) /acZ-injected. (h), twhh-
injected; rhombomere 3 is numbered.
The asterisk in (a-h) marks the mid-
brain-hindbrain boundary or pax-2-
labeled prospective midbrain-hindbrain
boundary. (i,j) pax-6 expression in 22 h
embryos; lateral view. (i) Uninjected.
By late somitogenesis, the domains of
expression of pax-6 [24,25,28] and shh
([6]; data not shown) appear to be non-
overlapping in the brain and neural
tube. (j) twhh-injected; the first four
rhombomeres are numbered. (k,l) F-
spondin expression in 26 h embryos.
(k) Uninjected. (I) twhh-injected. A dot-
ted oval indicates the position of the
otic vesicle in a different focal plane.
Ectopic F-spondin was observed in
28 % twhh-injected embryos (n = 70)
and 0 % of /acZ-injected embryos
(n = 34). Induction of F-spondin was
also obtained with twhh-N (see text;
data not shown). Additional abbrevia-
tions: dt, dorsal thalamus; fp, floor
plate; m, mesencephalon; os, optic
stalk; pt, pretectum; t, telencephalon;
vt, ventral thalamus.
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pax-6 [24,25] as markers of positional identity. As the
optic vesicle evaginates from the lateral walls of the
zebrafish forebrain (for review see [26]), transcript levels
of pax-2 are highest in the anterior and ventral regions of
the optic vesicle (Fig. 2k-m; [27]), adjacent to the site of
hh expression in the floor of the diencephalon (Fig.
2e,f,h,i,m). Superposition of developmental fates within
the optic vesicle [26] upon the pattern of pax-2 expres-
sion suggests that the highest levels of pax-2 mRNA
prefigure the most proximal fates.
In hh mRNA-injected embryos, pax-2 expression was
initiated uniformly along both proximo-distal (Fig. 5b)
and dorso-ventral (Fig. 5d) axes of the optic vesicle as it
began to evaginate; the results of these and other injec-
tion experiments (see below) are summarized in Table 1.
At the end of somitogenesis, a time when pax-2 would
normally be restricted to the optic stalk (Fig. 5e, marked
os), pax-2 expression in hh mRNA-injected embryos was
detected in all but the most distal portion of the optic
vesicle (Fig. 5f; Table 1). The injection of hh mRNA
thus appears to re-program optic vesicle development,
such that cells at distal locations express pax-2, normally a
marker of proximal position.
The pax-6 gene is useful as a marker for distal eye fates, as
its expression normally occurs in the lens and in most of
the distal part of the optic cup (Fig. 5g; [24,25,28]). In hh
mRNA-injected embryos, pax-6 expression was not
observed in most of the optic vesicle (Fig. 5h; Table 1),
although many injected embryos retained pax-6 expres-
sion in the most distal cells. As a result of a later rotation,
the distal optic vesicle gives rise to the dorsal portion of
the mature eye [26] and, correspondingly, dorsal eye
structures were sometimes seen in 3-day fry that devel-
oped from hh mRNA-injected embryos (data not
shown). With regard to pax-2 and pax-6 as markers of
positional identity, hh expression in the optic vesicle can
thus be characterized as promoting proximal fates and
suppressing distal fates.
Loss of proximal optic-vesicle fates in cyclops mutants
lacking hh-expressing forebrain cells
The expression of twhh and shh between the optic stalks
(Fig. 2) and the effects of ectopic hh expression (Figs 4,5)
are consistent with a normal role for shh and twhh in eye
development. If hh activities do indeed play a normal
role in promoting proximal fates within the developing
eye, the removal of hh activities would be expected to
eliminate proximal fates. In embryos homozygous for the
cyclops (cyc) mutation, ventral neural structures, which in-
clude those that normally express twhh and shh, fail to
form and the developing eyes fuse at the midline [29]. At
the end of gastrulation twhh transcripts in cyc-/ - embryos
were found only in a small patch of cells at the presump-
tive tailbud (compare Fig. 6a,b), and neural expression
was not detected at later stages (12 and 24 hours; data
not shown). Neural expression of shh was also absent in
cyc mutants (compare Fig. 6c,d; [6]), although expression
in the notochord was retained ([6]; our unpublished
observations).
Hatta et al. [30] have shown that in cyc mutants, expres-
sion of pax-2 is reduced in the fused eye at late somito-
genesis. We extended these observations to an earlier
stage when the optic vesicles first form, and found that in
Fig. 6. Expression of twhh, shh and pax-2
in wild-type and cyc-/- embryos. Detec-
tion of pax-2 and either (a,b) twhh or
(c,d) shh transcripts in (b,d) cyc7 -
embryos, or (a,c) their unaffected sib-
lings. The asterisk marks pax-2-staining
at the future midbrain-hindbrain bound-
ary. (a,b) Embryos near the end of gas-
trulation (about 95 % epiboly); twhh is
expressed only in the presumptive tail-
bud (<) of cyc-/- embryos. The arrow-
head indicates the anterior limit of twhh
expression, in the protuberance. (c,d)
12.5 h (5-6 somite) embryos. As
reported by Krauss et al. [6], neural
expression of shh (arrowhead) is abol-
ished in cyc /- embryos. Arrows mark
strong pax-2 expression in the optic
vesicles of wild-type embryos, which is
significantly reduced in cyc /- embryos.
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cyc mutants, pax-2 expression was extremely weak and
does not extend through the optic vesicles (compare Fig.
6c,d). Although the cyc mutants may lack other patterning
signals normally synthesized in the midline, these obser-
vations, in conjunction with the effects of hh mRNA
injection (see above), are consistent with a role for hh in
the induction of proximal fates within the developing eye.
hh activity promotes ventral fates and suppresses dorsal
fates in the developing brain
In order to investigate the roles of twhh and shh in the
development of the brain, we examined the effects of hh
mRNA injection on the expression of F-spondin, a gene
whose expression is normally restricted to the floor plate
[31]. As a marker for more dorsal brain regions we used
pax-6, a gene normally expressed in the diencephalon in
the ventral and dorsal thalamus and pretectum and in the
hindbrain at lateral positions (Fig. 5i; [24,25,28]). Thus,
pax-6 expression is generally excluded from the regions
expressing shh [6,27,28]. As seen in Figure 51, hh mRNA
injection induced a more dorsal expression of F-spondin
in the midbrain and anterior hindbrain (compare to Fig.
5k). In addition, hh mRNA injection suppressed pax-6 in
the diencephalon, with the ventral thalamus being most
sensitive (Fig. 5j). Some embryos also displayed a sup-
pression of pax-6 in the ventral part of the dorsal thala-
mus and pretectum (data not shown). In the hindbrain,
pax-6 was repressed ventrally or completely in rhom-
bomeres 1, 2 and 4 (Fig. 5h,j and data not shown). This
suppression may account for the previously reported loss
of pax-6 expression induced by grafts of notochord or
floor plate [32]. The corresponding gain in F-spondin
expression and loss of pax-6 expression, in conjunction
with other recent results [5-7,33], are consistent with a
role for hh activities in ventral patterning of the brain.
Fig. 7. Processing of twhh and shh gene products. (a) Expression
constructs. SS, the predicted amino-terminal signal sequence for
secretion of these proteins [591; the arrows indicate the internal
site of autoproteolytic cleavage (see Fig. lb; [35]). Construct
twhh-UHA contains a mutation that blocks autoproteolysis (the
histidine at residue 273 is changed to an alanine; [17]). Construct
twhh-N encodes the first 200 amino acids of TWHH. (b) In vitro
translation products. Constructs shown in (a) were translated in
vitro in the presence of [35S]methionine and analyzed by auto-
radiography after SDS-PAGE. The protein products are shown
schematically to the left. Lanes 1,2: autoproteolysis of the full-
length (HH-Uss) hh protein creates two fragments, an amino-
terminal fragment with signal sequence (HH-Nss) and a
carboxy-terminal fragment (HH-C). Lane 3: construct twhh-UHA
creates only an uncleaved form of twhh protein that co-migrates
with HH-Uss. In contrast to the analogous Drosophila hh muta-
tion [17], no bands attributable to residual auto-processing activ-
ity were detected after longer exposure. Lane 4: construct twhh-N
encodes a protein that co-migrates with the HH-Nss generated by
autoproteolytic cleavage of twhh protein. (c) Immunoblot using
an amino-terminus-specific antibody [3] with protein extracts
made from injected embryos or their uninjected siblings har-
vested at early somitogenesis. Protein from approximately seven
dechorionated embryos was loaded in each lane.
The failure of hh-injected embryos to form ventricles
(Fig. 4c-f) or the midbrain-hindbrain constriction (Fig.
4a,b) might be a consequence of lateral cells adopting
more ventral fates. We note that pax-2 expression at the
midbrain-hindbrain junction, which is required for the
proper formation of the constriction at this junction [34],
was maintained in hh-injected embryos (compare Fig.
5e,f), supporting the interpretation that the loss of this
constriction was not due to a loss of rostro-caudal infor-
mation, but rather to a disruption of ventro-lateral fates.
Related activities and processing of twhh and shh proteins
As indicated above, the qualitative effects of ectopic twhh
and shh mRNA injection were similar, but the incidence
and severity were greater with twhh (Table 1; data not
shown). To assess the basis for this difference, we exam-
ined the protein products of these mRNAs. As shown in
Figure 7b, the zebrafish twhh and shh proteins undergo
autoproteolytic cleavage in vitro to yield amino- and
carboxy-terminal fragments (HH-N and HH-C cleavage
products, respectively) of a single larger precursor (HH-
U) [17,35]). This cleavage also occurs efficiently in vivo,
as demonstrated by the immunoblotting of proteins from
embryos injected with synthetic shh and twhh mRNAs
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(Fig. 7c), and as has also been noted for other hh proteins
[3,8,10,13,16,17,35,36]. Antibodies specific to mouse
SHH-N [3] detected an around 20 kD protein from
either shh- or twhh-injected embryos, but detected a
larger (- 45 kD) species in embryos injected with the
twhh-UHA construct (Fig. 7c). The twhh-UHA construct
includes a missense mutation that affects a residue essen-
tial for autoproteolytic cleavage of HH proteins in vitro
(Fig. 7b; [17]).
To investigate further the role of autoproteolytic cleavage
in TWHH function, we generated a construct with the
twhh coding sequence truncated at the internal cleavage
site (twhh-N construct, Fig. 7a; [35]). Figure 7b shows
that the protein encoded by this construct co-migrated
with HH-N derived from autoproteolytic cleavage of
HH-U in vitro. Injection of synthetic twhh-N mRNA
transcribed from this construct produced all of the effects
of hh mRNA injection (see above), including the effi-
cient induction of pax-2 and the reduced expression of
pax-6 in the optic vesicle (Table 1). Furthermore, these
effects occurred in a dosage-dependent fashion (Table 2),
including the efficient ectopic expression of pax-2 at
mRNA levels 100-fold below the control mRNA, lac-Z,
which did not induce ectopic pax-2 expression. Effects
associated with hh misexpression were also observed after
ectopic expression of twhh-UHA (Table 1), suggesting that
autoproteolytic cleavage of the unprocessed precursor
form of HH is not absolutely required for the generation
of at least some degree of signaling activity.
Given previous suggestions that shh activity may induce
endogenous hh gene expression [5,37], we tested directly
the ability of injected twhh-N mRNA to induce expres-
sion of twhh and shh genes, by in situ hybridization with
probes corresponding to sequences absent in the twhh-N
construct. No ectopic expression of endogenous twhh
(n = 66) or shh (n = 66) was observed at early somito-
genesis after injection of twhh-N in experiments in which
sibling injected embryos displayed all the usual effects
of hh injection (data not shown). The HH-N cleavage
product, in the absence of the HH-C cleavage product,
thus appears to account for all the signaling activities of
hh, as has also been shown in Drosophila [35] and in other
vertebrates [4,8,10,13,38]. The 97 % identity between
TWHH-N and SHH-N amino-acid sequences (Fig. lb)
may explain the qualitative similarity in activities
between twhh and shh. In addition, the levels of
TWHH-N cleavage product produced by twhh injection
consistently exceeded those produced by shh (Fig. 7c,
compare lanes 6 and 7; and data not shown), thus
accounting for the difference in the strengths of pheno-
types observed. We thus conclude that the proteins
encoded by twhh and shh have similar biological activities.
Discussion
Apparent long-range hedgehog patterning activities in the
developing eye
Given the results of our hh mRNA injection experiments
and the patterns of expression of the endogenous twhh,
shh and pax-2 genes, the normal induction of pax-2
expression in the optic vesicle appears to represent a
long-range signaling activity by hh. Expression of pax-2
in the optic vesicles at 12.5 hours of development
extends across at least 11 cell diameters (- 45 pm) from
the site of hh expression in the midline (Fig. 21; data not
shown). As twhh-N does not induce endogenous twhh or
shh gene expression, which might serve as a source of
the carboxy-terminal fragment, pax-2 induction indeed
appears likely to be mediated by HH-N. We cannot,
however, distinguish between direct induction, as dem-
onstrated for sclerotome induction [12] and suggested for
dorsal cuticle patterning in Drosophila [39], or indirect
induction, as has been been documented in Drosophila
imaginal discs, in which hh acts locally to induce a sec-
ondary long-range signal ([17,40-43], see also reviews
[44,45]). Thus, from our findings, two possible models
for the action of hh can be proposed. The HH-N cleav-
age product could act directly to impose pattern within
the optic vesicle or, alternatively, a secondary factor (or
factors), locally induced by the HH-N cleavage product,
could act as the direct patterning agent.
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Possible conservation of a signaling pathway in eye patterning
The pax-6 gene has been implicated in the development
of the eye across a wide range of organisms. Lesions in
pax-6 account for the Aniridia [46,47], Small eye [48] and
eyeless mutations [49] in humans, mice and Drosophila,
respectively. In mice, the dosage of pax-6 protein is cru-
cial for normal eye development [48], as Small eye hetero-
zygotes develop an abnormally small lens and homo-
zygotes fail to develop lenses or eye pigment and their
optic vesicles eventually degenerate so that they lack eyes
at birth [50,51]. Moreover, in Drosophila, ectopic expres-
sion of either the mouse pax-6 or the Drosophila eyeless
gene causes imaginal discs to adopt an eye developmental
pathway [52], indicating that the pax-6 gene is not only
required for eye development, but in some cases is suffi-
cient to initiate it. We have observed that hh mRNA-
injection suppresses pax-6 expression and produces eye
defects in the zebrafish that are strikingly similar to those
in other vertebrates lacking pax-6 function (see above;
Fig. 4d,f). This suggests that repression of pax-6 is a key
step in generating these eye defects.
We have provided evidence that hh-gene expression in
the ventral midline of the diencephalon supplies an
activity important for patterning the developing
zebrafish eye. In the Drosophila eye, hh is expressed
behind the morphogenetic furrow, which sweeps across
the eye in a posterior-to-anterior direction, leaving in its
wake the clusters of differentiating photoreceptor and
accessory cells that ultimately give rise to ommatidia
[40,41]. Expression of hh is required for anteriorly
directed signaling that results in the progression of the
furrow. We note that the Drosophila pax-6 homologue,
eyeless, is expressed anterior to the furrow in a pattern
that is complementary to that of hh [40,49]. This com-
plementarity suggests a possible repressing action of hh
on the Drosophila pax-6 homologue, and may represent a
molecular parallel to the repression of pax-6 by hh genes
in patterning the vertebrate eye.
Taken together, our findings extend the previously
reported activities of vertebrate hh genes to include fore-
brain and eye patterning, and our evidence suggests that
twhh and shh expression in the floor of the diencephalon
may constitute a proximal patterning center for zebrafish
eye development. The assignment of novel patterning
functions to these anterior domains of hh expression sug-
gest that other brain structures may also be patterned by
hh signaling activity. For example, dopaminergic neurons
that normally develop in the floor of the rat midbrain are
induced by hh activity [38]. A detailed analysis of hh
expression in developing vertebrate brains may suggest
other neural structures and cell types whose development
is also under the control of hh activities.
Conclusions
We have isolated and characterized tiggy-winkle hedgehog,
(twhh) a novel member of the zebrafish hedgehog (hh)
gene family, the expression of which is distinctive in the
way it is lost from axial mesoderm, while still being
maintained in midline neural progenitor cells, at a very
early stage. We present evidence that twhh, acting in con-
junction with sonic hedgehog (shh), provides an activity
that influences patterning of the developing eye and
brain. We have manipulated the expression of these hh
proteins by the injection of hh mRNA for ectopic
expression, and by the use of the cyclops mutation to
genetically ablate midline brain cells that normally
express twhh and shh. In the developing eye, using pax-2
and pax-6 as markers of proximal and distal fates, respec-
tively, our analysis provides evidence that hh expression in
a midline patch of ventral diencephalic cells exerts a
proximal patterning influence upon the optic vesicle.
Our findings, in conjunction with the reports of Hynes
et al. [38] and Ericson et al. [33], provide further evi-
dence that hh activity constitutes a ventral patterning
influence within the brain. All of the signaling activities
are also obtained by a protein fragment corresponding to
the amino-terminal product of TWHH autoproteolytic
cleavage, HH-N. The activity of injected twhh-N
mRNA occurs in the absence of endogenous hh gene
activation, thus suggesting that HH-N may be the form
of the protein that is active in signaling.
Materials and methods
Isolation of zebrafish hedgehog homologues
Four distinct hh-like sequences were isolated from zebrafish
genomic DNA (a gift from J. Pellegrino) using degenerate
primers in polymerase chain reactions (PCRs), as described [3].
twhh and shh clones were isolated from a 20-28 h cDNA
library (a gift from R. Riggleman, K. Helde, D. Grunwald and
J. Pellegrino) using the first three sequences of Figure la as
probes. The regions encoding the predicted open reading
frames (Fig. Ib) were sequenced on both strands as recom-
mended (US Biochemicals). The translational reading frames
for twhh and shh were closed 12 and 16 codons, respectively,
upstream of the putative initiating methionine (not shown).
Transcript localization
Whole-mount in situ hybridizations were performed as
described [21], using antisense probes on either wild-type or
cyc-/ - (cycbl 6 [29]) embryos. Staging of the embryos was
according to Westerfield [53].
Expression of hh proteins in vitro and in vivo
Expression constructs T7TStwhh and T7TSshh were made by
insertion of twhh or shh open-reading frames into the SpeI site
of the pT7TS vector (gift of A. Johnson and P. Kreig). This
vector adds Xenopus laevis 3-globin 5' and 3' untranslated
sequences to the inserted open-reading frame for increased
transcript stability. The open reading frames were made by
PCR using the following primers and appropriate cDNA as
template: primers twhhA (5'-GGACTAGTCACCATGGA-
CGTAAGGCTGCA-3'), twhhB (5'-AGCATACTAGTA-
GTCTCAACTTAAGTGTAA-3'), shhA (5'-GGACTAG-
TCACCATGCGGCTTTTGACGAGA-3') and shhB
(5'-AGCATACTAGTAGTCTCAGCTTGAGTTTACTGA-
3'). The twhh-UHA and twhh-N constructs were made by
in vitro mutagenesis of expression construct T7TStwhh using
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the method of recombinant PCR [54]. The sequence of all
constructs was confirmed by dideoxy sequencing.
In vitro translations of expression constructs were performed
using [35 S]methionine according to manufacturer's instructions
(Promega). Detection of proteins synthesized in vivo was per-
formed using standard techniques with an affinity-purified anti-
body generated against amino-terminal sequences of mouse
Shh/Hhg- 1 protein [3] and visualized by ECL (Amersham) and
autoradiography.
Injection of synthetic mRNA into zebrafish embryos
Wild-type zebrafish, Danio rerio, (Ekkwill Waterlife Resources)
were maintained at 28.5 °C and embryos were collected from
natural spawning. Capped mRNA was synthesized using the
mMessage mMachine kit (Ambion), confirmed to be full
length, suspended at 100-200 ng i.l- in glass-distilled water
containing 0.1 % phenol red, and injected into a single blas-
tomere of zebrafish embryos at the 1-8 cell stage ( 1 nl was
injected per embryo). Despite injection of a single blastomere,
the mosaic but fairly even distribution of the injected mRNA
is presumably due both to the presence of cytoplasmic connec-
tions between blastomeres of the zebrafish embryo [55] and to
the extensive cell mixing that occurs during the cleavages prior
to gastrulation [56-58]. Embryos were cultured in 0.25 x Holt-
freter's medium at 28.5 C. After 12.5 h of development at
28.5 °C, some embryos were then cultured overnight at room
temperature. The lacZ mRNA was transcribed from the plasmid
pCS2 (gift of D. Turner and H. Weintraub).
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